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Cold Spray Additive Manufacturing is a technology capable of mass manufacturing
components with complicated geometry and coating substrates in hard-to-reach areas. In
addition, cold spray also has the ability of conducting a green manufacturing process, with zero
waste of renewable feed material, and zero gas and chemical emission. This paper investigates
solely cold spray as an additive manufacturing technology with cork as the natural material. CFD
results were used to predict the physical behavior of air and the cork particles. After unsuccessful
coatings, final results showed that when moisture is added, cork is successfully cold sprayed, and
agglomeration is experienced. Following these results, high speed camera and Hopkinson bar
tests concluded that pressure is the only significant parameter that drastically effects the
disposition quality of the cork coating. This is the first reported result of cork powder being cold
sprayed, in addition to groundbreaking results of successfully coating an Aluminum substrate
without a binder.

Key words: cork, powder, additive manufacturing, natural materials, cold spray, binder,
deposition efficiency, coating, high speed camera, Hopkinson bar.
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CHAPTER I
INTRODUCTION
1.1

Cold spray introduction
Cold gas dynamic spraying, or simply cold spray (CS), is a material deposition process in

which solid micron-size particles are accelerated in a supersonic jet of compressed, heated gas
inside a convergent-divergent nozzle, also known as De Laval nozzle. Applying this technology,
which has historically been dominated with alloy material, to sustainable and reusable cork
material is explored including the specifications of nozzle and setup design, deposition results,
and agglomeration strength detailed in the following research.
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CHAPTER II
LITERATURE REVIEW
2.1

Cold spray
Cold Spray was discovered in the mid-1980s at the Institute of Theoretical and Applied

Mechanics of the Siberian Division of the Russian Academy of Science in Novosibirsk [7].

Figure 2.1

Cold spray process

Note: Reprinted from “Optimal design of a cold spray nozzle by numerical analysis of particle
velocity and experimental validation with 316L stainless steel powder,” by Wen-Ya Li, Hanlin
Liao, G. Douchy, C. Coddet.

The accelerated particles are injected on a substrate at a known distance called; the standoff distance. Upon impact with this substrate, the kinetic energy of particles is converted to
plastic strain energy. Thus, strong metallurgical bonds are formed between particles, resulting in
a coating. Nevertheless, it was observed that material deposition starts only after exceeding a
threshold value of velocity called critical velocity, which depends on many aspects such as the
2

particle size, material characteristics, impact temperature, and the substrate material. However, a
wide range of materials were deposited successfully using cold spray technique including metals,
composites, ceramics, and polymers [8].
Depending on the substance, the powder injection can be upstream or downstream. In the
first case, the powder is injected before the throat, at the converging section. This type of set up
is called High Pressure Cold Spray (HPCS), and as the name suggests, it requires the use
of high pressure supply. The powder in this case should be of a high density, and it should be
able to resist the high temperature in the converging part without being melted or burned. The
second type of set up is called Low Pressure Cold Spray (LPCS) with a low-pressure supply. The
powder injection is after the throat, in the diverging section, where temperature is relatively low.
This set up is usually used for low density materials [8].
2.2

Cork material
Cork is a natural, sustainable, light-weight material, with excellent thermal and acoustic

insulation properties. It is buoyant and impermeable to fluids. It is highly elastic and can
exhibit compressive deformation without fracture. It is incombustible and chemically stable. It
was known for centuries, and used in many applications such as insulation, bottle stoppers,
energy absorption, etc. Cork owes its excellent properties to its cellular structure and chemical
composition.
2.2.1

Anisotropy of cork
The structure of cork is in form of a closed-cell foam, with no intercellular voids. The

cells are arranged as hexagonal prisms of 30 µm in height [3], stacked base-to-base, with the
prism axis of each cell parallel to the radial direction (Figure 2.2). The cellular structure appears
3

to be different in each of the three directions; radial direction, it appears as a honeycomb
structure with hexagonal cell form, while in the other two directions (axial and tangential), the
structure appears to be in form of rectangles. Due to this unique structure, cork
experiences different behaviors in each direction.

Figure 2.2

Microscopic view of cork cellular structure in: (a) Radial direction; (b) Axial
direction; (c) Tangential direction

Note: Reprinted from “The Rational Behind Cork Properties: A Review of Structure and
Chemistry,” by Pereira Helena, 2015.

4

Figure 2.3

(a) Cork cellular structure in the three directions: radial, axial, and tangential;
(b) Cell form (hexagonal prisms)

Note: (a) Reprinted from “Cork: properties, capabilities and applications,” by S. P. Silva, M. A.
Sabino, E. M. Fernandes, V. M. Correlo, L. F. Boeseland R. L. Reis, 2005. (b) Reprinted from
“The Mechanical Properties of Cellular Solids,” by M.F. ASHBY and R. E Mehl Medalist, 1983.
Cell walls are rigid and contain mostly suberin, lignin and cellulose. These walls enclose
a volume of air inside the cells, which provides cork with its good elastic behavior; it is
lengthened easily under tension and shortened under compression. In addition, the cell walls
make most of the mass of cork. The latter has a low relative density, which is about 0.13 [3], due
to the large gas content inside its cells. (The relative density is the density of the cellular material
over the density of the cell wall material).
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Figure 2.4

Cell wall main components and cork cells schematic in: (a) Radial direction; l,
prism base edge, d, wall thickness; (b) tangential/axial direction; h, prism height

Note: (a) Reprinted from “Cork: properties, capabilities and applications,” by S. P. Silva, M. A.
Sabino, E. M. Fernandes, V. M. Correlo, L. F. Boeseland R. L. Reis, 2005.
One of the essential characteristics of cork cell walls is the undulation. The lateral faces
of cells are not straight, and exhibit corrugations, with two or three complete corrugations per
cell [1]. The degree of undulation differs from one cell to another and in some cases, the cell
walls are collapsed. This corrugated pattern appears on the lateral cell walls during the bark
growth. Inner bark layer (late cork) pushes on the outer bark layers (early cork) as it grows
radially, subjecting the outer layer cells to compression.

6

Figure 2.5

SEM micrographs of tangential section showing corrugations of natural cork
cell walls (after boiling)

Note: Reprinted from “The Rational Behind Cork Properties: A Review of Structure and
Chemistry,” by Pereira Helena, 2015.
2.2.2

Physical properties
Other than mechanical properties, studies have not been extensively done, despite the fact

that they are clearly important for many current cork applications. The axial and tangential
directions are nearly equivalent; therefore, cork can be approximated as transversely isotropic [1].
In the following discussion, the radial direction will be referred to as R, and for the other two
directions, the notation NR will be used, which means non-radial direction. The first
measurements of contact angles and surface properties of cork were made by a group of
scientists who discovered that n-alkanes spontaneously spread on the surface with a zero contact
angle. Cork showed a high affinity for non-polar liquids and a very low polarity, comparable
with those of fluorinated polymers (around 75% of intermolecular interactions arise from
dispersion forces). Given its high gas content of the small cells, cork has low density.

7

2.2.2.1

Density
While the density of cell wall material is estimated to be almost constant [1], cork density

varies over a wide range. This variation is due to the differences in cell dimensions and cell wall
corrugation. In addition to other factors [1, 2]. Cork is also known for its buoyancy. Thanks to its
low density and unique microscopic structure, cork is a good choice for floatation devices.
2.2.2.2

Thermal insulation
As cork has small closed cells, enclosing a gas of low thermal conductivity [2], the rate of

heat transfer in cork is very weak. This property was known for a long time as well, the reason
why cork is used heavily in insulation applications. Cork's poor heat transfer properties are due
to both gas content and cell size. In general, heat can be transmitted. However, for cork,
conduction is the only one that is important in heat transfer.1 For the past few years, the
construction industry has been focusing on building passive houses while using natural,
recyclable, non-toxic materials that can guarantee a good thermal insulation. Hence, the thermal
transitions of cork have been studied by a number of techniques. At ambient relative humidity,
cork contains more than 3.5 percent adsorbed water, which is likely to cause significant changes
in its physical properties. At least three different mechanisms have been identified using
thermally simulated discharging current (TSDC) analysis: a low temperature relaxation observed
between -100°C and -50°C that was related to slightly effected internal rotation of polar groups
in the polymeric chains that make up the cork cell walls; a relaxation mechanism which was
attributed to a glass transition like relaxation process and finally a higher temperature mechanism
observed at 30–80°C which is most likely happened as result of the melting of waxes found in
cork. In short, these analysis shows why cork is a good material to use as thermal insulator.

8

Table 2.1 summarizes the main physical properties of cork. (Amadia is reproduction
cork):
Table 2.1

Cork physical properties
Property

Value

Density kg/m3

120–180 (amadia)
160–240 (virgin)

Thermal Conductivity W/(m.K)

0. 045 (cork)
0. 025 (air)
0. 2 (cork cell walls)

Electrical Conductivity, S/m

1. 2 x 10-10 (25°C)
1. 67 x 10-13 (50°C)

Acoustic Resistivity kg/(m2.s)

1.2 x 105

Specific Heat J/(kg.K)

350

Thermal Diffusivity m2/s

1 x 10-6

Water Diffusion Coefficient m2/s

4 x 10-10 (NR)
1 x 10-11 (R)

Note: Adapted from “Cork: properties, capabilities and applications,” by S. P. Silva, M. A.
Sabino, E. M. Fernandes, V. M. Correlo, L. F. Boeseland R. L. Reis, 2005.
2.2.3

Mechanical properties
The mechanical behavior of cork is a critical factor in its selection and performance in all

applications. The cellular characteristics and chemical composition of the cell walls play a big
role in cork behavior. The nomenclature used for directions and sections in cork is that generally
used in the description of wood. The cork cell geometry is highly relative to its direction.
Basically, there are three directions: axial, radial and tangential, each one has its own face
geometry, mechanical properties, and behavior when external load is applied. The cork cell walls
have a uniform thickness t, and the prisms have height h and hexagonal face edge l, then the
9

density of p the cork calculated and gives an approximate value of 170 kg/m3, and this is the
same density we find in commercial cork. An experiment was done by L. J. Gibson et al. where
they recorded the stress-strain curves of cork cubes in compression and tension. The strain stress
curve obtained has shown three different segments, the first one is when the cork is deforming
elastically, and this portion consist of almost 7% to 9% of the total strain the second region is
where the cork id deforming plasticly and it consist of 70% of the total deformation. Then the
curve starts to increase vertically until no strain occurs even if stress is still increasing. As cork is
compressed in the radial direction, the corrugations allow the cell walls to fold and stack,
increasing the amplitude of the corrugations and aligning the cell bases perpendicular to the R
direction. Both of these results result in a slight NR expansion, resulting in a small positive value
for poison ratio v. Cork planks come in a number of thicknesses as a result of differences in cork
growth rate. Caliber, or plank thickness, has a major influence on mechanical properties.
Analytically and by considering the cork cell a structure we can calculate cork properties using
the equation below:18
𝐸2 = 𝐸3 = 0.5 𝐸𝑠 (𝑝/𝑝𝑠)3
𝐺23 = 𝐸32 = 0.13 𝐸𝑠 (𝑝/𝑝𝑠)3

(2.1)
(2.2)

𝑣23 = 𝑣32 = 1.0
(2.3)
𝜎2 = 𝜎3 = 0.05 𝐸𝑠 (𝑝/𝑝𝑠)3

(2.4)

Where Es and Ps are the modulus and density of the solid of which the cell walls made,
and P is the overall density of cellular material (the cork).

10

Cork, in general, behaves differently in stress and compression. According to Rosa and
Fortes 97, the Young's modulus in compression is slightly different while it is reduced by tension
lower than that in tension. The stiffness of undulated plates (cell walls), which this Cold Spray
Project increases as the amplitude of the undulations decreases, will explain the higher modulus
in tension: The amplitude is increased by compression, while it is reduced by tension.
2.2.3.1

Compressive properties
When compressed, cellular structures show a typical behavior. Cork, as it is a cellular

material, follows the same compressive behavior.

Figure 2.6

Compressive stress-strain curve of cork

Note: Reprinted from “The Mechanical Properties of Cellular Solids,” by M.F. ASHBY and R.
E Mehl Medalist, 1983.
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The stress-strain curve shows three main regions. In the first region, at low compressive
loads, cork deforms in a linear elastic manner, and the strain reaches about 7%. In this region,
cell walls exhibit an elastic bending. The second region takes up to 70% strain. The curve
becomes nearly horizontal, which means that cork exhibits deformation at an almost constant
stress. In this region, compressive buckling of cell walls occurs. When the strain is beyond 70%,
the curve enters the third region, in which the stress increases sharply. The buckled cell walls
crush together (densification of material). Full densification occurs at about 85% strain.
2.2.3.2

Viscoelastic properties
Using the Dynamic Mechanical Analysis technique (DMA), the viscoelastic properties of

cork were investigated in the temperature range of 40 to 120C. With a mean activation energy of
140 kJ mol1, a relaxation was detected with a maximum in tan at ca 20C (f = 1 Hz) and a
maximum in tan at ca 20C (f = 1 Hz).19 Thermogravimetric experiments appear to confirm that
the desorption of water molecules is the cause of this effect. The storage modulus of specimens
oriented in the prismatic direction was higher than that of specimens oriented in the transverse
prismatic direction. To prove this, virgin and annealed cork were used with minimum of 9 years
old and then, samples were annealed for three hours in a vacuum oven at 90 degrees Celsius. For
compression, cork was cut with specific dimensions and different direction (R), and (A) with
respect to a cylinder obtained by a transversal cut from the original tree. A thermogravimetric
experiment (TGA) was carried out in a Perkin Elmer TGA apparatus. The initial weigh of the
cork sample was of 5.246 mg. The temperature varied between 25 and 120◦C at 0.2 ◦C/min.
Differential scanning calorimetry (DSC) was used in this work in order to investigate if the
annealing of cork induces any kind of irreversible exothermal or endothermic process such as
chemical reactions or phase transitions. As result, the deduction was concluded that cork's
12

viscoelastic properties are anisotropic, meaning that when the material is oriented in a transverse
prismatic direction, the storage modulus is higher. The effect of annealing in cork is the most
interesting information, because within this research, heating the cork powder during spraying
process is a decided parameter. And due to annealing causing stiffening and increasing the
elastic modulus, those effects are undesirable. We must change the heated cork powder inside the
container that will be heated every 2 hours during these experiments.
2.2.3.3

Tensile behavior
The anisotropy of cork appears strongly under tensile loads. The mechanical responses in

the NR directions are similar, but differ from that in the R direction.

Figure 2.7

Tensile stress-strain curve of cork in: T tangential direction; A axial direction; R
radial direction

Note: Reprinted from “Deformation and fracture of cork in tension,” by M. E. ROSA, M. A.
FORTES, 1991.
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In both NR directions, the strain increases as the stress is increased, until reaching
fracture. However, the behavior in R direction shows an intermediate region of serrations. These
serrations appear before reaching complete fracture because micro-cracks are induced in some
few cells. Then, the cracks grow and propagate in the whole structure.
Table 2.2 summarizes the general mechanical properties of cork:
Table 2.2

Mechanical properties of cork
Property

Value

Compressive modulus, natural cork, unboiled, MPa

8–20 (R)
13–15 (NR)

Compressive modulus, boiled, MPa

6 (R)
8–9 (NR)

Tensile modulus, boiled, MPa

38 (R)
24–26 (NR)

Collapse (buckling) stress, boiled, MPa

0. 75–0. 8 (R)
0. 6–0. 7 (NR)

Collapse (buckling) strain, %

4 (R)
6 (NR)

Fracture stress under tension, MPa

1 (R)
1.1 (NR)

Fracture strain under tension, %

5 (R)
9 (NR)

Fracture toughness, boiled, MPa m1/2

60–130

Poisson’s ratio, boiled

0–0. 097 (νR/NR)
0–0. 064 (νNR/R)
0. 26–0. 5 (νNR/NR)

Note. Adapted from “Cork: properties, capabilities and applications,” by S. P. Silva, M. A.
Sabino, E. M. Fernandes, V. M. Correlo, L. F. Boeseland R. L. Reis, 2005.
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2.2.4

Thermal behavior
Since cork is a natural cellular material, it will burn at large temperatures. The complete

carbonization of cork was observed at about 450°C [5]. Cork maintains its thermal stability up to
200°C [5]. At this point, the mass degradation starts. As temperature increases, more mass will
be lost if exposure time is large enough. To exemplify, treating cork at 200°C for 10 min will
result in a negligible mass loss (3%). However, treating it at 200°C for 60 min gives a mass loss
of 11% [5].
Upon heating, the gas inside cork cells expands. Which enlarges the cell volume and
straightens the walls by reducing corrugations. Increasing the temperature and the time of
exposure to heat results in mass degradation and material loss. As a consequence, the cell wall
thickness decreases. When the mass loss reaches around 40%, physical damage occurs as cell
walls get torn and cracked.
Temperature and exposure time effect is clearly shown in Figure 2.8:

Figure 2.8

Mass loss variation with temperature and exposure time

Note: Reprinted from “Temperature-induced structural and chemical changes in cork from
Quercus cerris,” by Ali S¸ en, Isabel Miranda, Helena Pereira, 2012.
15

Interesting enough to mention is, at some specific conditions of temperature and pressure,
cork releases its own adhesive materials. Literature on cork agglomerates reveals that treating
cork grains with steam at temperatures above 230°C, and compressing them at 40 kPa, adheres
them together into one cork board [6]. In fact, good agglomeration was recorded when cork
reaches a mass loss between 10-25%, for grain size in the range of 0.5-1.5 cm, at a heat treatment
between 230-300°C. The agglomerated cork has a darker color compared to the raw material.
The more mass loss that occurs, the darker the samples become.
Tests to form agglomerated cork boards produced the data in Table 2.3:
Table 2.3

Characteristics of agglomerated virgin cork

Material

Temp. °C
180

Yield % Density kg/m3
93

180

Color

Agglomeration

Light brown

Did not
agglomerate

Virgin cork

200

92

175

Brown

Defective

230

87

165

Dark brown

Defective

250

85

150

Dark brown

Good

300

77

135

Black

Good

Note. Adapted from “Influence of raw-material quality and process parameters in the production
of insulation cork agglomerates,” H. Pereira and C. Baptista, 1993.
5Cold spray governing equations
2.2.5

The physics behind supersonic nozzle
A supersonic nozzle is a duct that is composed of two main sections: the first one is the

converging section, in which the cross-sectional area of the nozzle decreases until reaching a
minimum area called the throat. This is followed by a diverging section, in which the cross-
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sectional area increases. This device is used to accelerate fluids to high Mach numbers at the
exit.
The equations in this section are based on the following assumptions:
•

One dimensional (1D) flow, as the flow properties vary in one dimension only.

•

Flow is at steady state, because there is no change in time of flow properties.

•

Flow is isentropic, since there is no heat exchange between the system and the
surroundings.

•

This gas is a perfect gas with constant specific heats, that is, a calorically perfect gas.

In the nozzle inlet, the gas is under stagnation conditions, with a pressure P0, a temperature
T0, and a null velocity. The ambient pressure surrounding the nozzle is called the back pressure
Pb.

Figure 2.9

Supersonic nozzle

Note. Reported from “Fluid mechanics-McGraw-Hill Education,” Frank M. White, 2017.
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For the gas to flow inside the nozzle, the stagnation pressure must be larger than the back
pressure, P0 > Pb. As the gas starts flowing, it gets accelerated in the converging section as the
cross-sectional area is reduced. What happens is that the gas enthalpy is converted into kinetic
energy, providing an increase in velocity and a decrease in pressure and temperature. The gas in
this section is still at subsonic conditions.
Ideally, when the flow reaches the throat, the Mach number (M) becomes equal to 1, and
the flow is said to be choked. Then, the flow enters the diverging part, where it continues
accelerating until M > 1. At the outlet, the supersonic flow exits the nozzle
with an exit pressure Pe, an exit temperature Te, and an exit Mach number Me.
The gas flow inside the nozzle must obey mass conservation, energy conservation and
momentum conservation laws. In addition, as was stated before, the flow is assumed to be
isentropic and a perfect gas. Using these principles and their respective equations, a very
important result can be found in the form of equation (2.1):
(

𝑑𝑉
𝑑𝐴
) (1 − 𝑀2 ) = −( )
𝑉
𝐴

(2.5)

Where V is the local gas speed, and A is the local cross-sectional area of the nozzle.
•

When the flow is subsonic (M<1), the left-hand side of equation (2.1) is positive, while
the right-hand side is negative. Thus, a positive change in velocity requires a negative
change in cross-sectional area.

•

When the flow is sonic (M=1), the left-hand side is zero, which implies that the change in
area (dA) is null. Therefore, at this point, the area is either a minimum or a maximum.
Since the area before this point was decreasing, it must be a minimum value.
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•

When the flow is supersonic (M>1), the left-hand side will have a negative sign, which
will be canceled with the negative sign on the right-hand side. This implies that a positive
change in velocity requires a positive change in area.

Equations (2.2), (2.3), and (2.4) were derived for isentropic flow, relating the pressure,
temperature, and density to the Mach number:
𝑃0
𝛾−1 2 𝛾
= [1 +
𝑀𝑒 ]𝛾−1
𝑃𝑒
2

(2.6)

𝑇0
𝛾−1 2
= [1 +
𝑀 ]
𝑇
2

(2.7)

𝜌0
𝛾−1 2 1
= [1 +
𝑀𝑒 ]𝛾−1
𝜌𝑒
2

(2.8)

Where ϒ is the specific heat ratio, ρ0 is the stagnation density, and ρe is the exit density. For air,
ϒ=1.4.
As explained before, the local gas velocity depends on the nozzle geometry, particularly,
the local-to-throat area ratio (A/A*), where A is the local cross-sectional area of the nozzle, and
A* is the area at which the Mach number is equal to 1 (ideally, it is equal to the throat area).
Using equation (2.5), one can determine the Mach number at any point inside the nozzle,
if the area ratio at that point is known. Alternatively, the area ratio at a point can be determined if
the Mach number at that point is known:
𝛾 − 1 2 𝛾+1
𝐴
1 1 + 2 𝑀 2(𝛾−1)
= [
]
𝛾+1
𝐴∗ 𝑀
2
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(2.9)

The local gas velocity can be found at any point if the gas’s Mach number and
temperature at that point are known:
𝑉 = 𝑀√𝛾𝑅𝑇
(2.10)
Where R is the gas constant. It is equal to 287 J/kg.K for air.
The maximum gas flow rate 𝑚̇ is expressed using equation (2.7):

𝑚̇ =

𝛾+1
𝑃0 𝐴 ∗ 𝛾 𝛾 + 1 −2(𝛾−1)
√ (
)
√𝑇0 𝑅 2

(2.11)

One of the most important aspects of a supersonic flow is the shock wave. When a
perturbation exists in a flow, it emits pressure waves that propagate at the local speed of sound of
the fluid. These pressure waves are like signals that are sensed by the flow particles upstream
indicating the presence of a perturbation. For a subsonic flow, the pressure waves will be ahead
of the perturbation, and the flow upstream will have enough time to adjust itself after receiving
the signal. But, if the flow is supersonic, the pressure waves cannot reach the flow upstream. The
latter will adjust itself suddenly to the upcoming flow by inducing a shock wave, which will
increase the pressure and temperature of the flow and decrease the speed.
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Figure 2.10

Pressure waves emitted by a point perturbation in: (a) subsonic flow; (b) sonic
flow; (c) supersonic flow.

Note. Reprinted from “Chapter 2 The Physics of Cold Spray,” by P. King, M. Yandouzi and
B. Jodoin.

In general, for a CS nozzle, the shock wave can occur at the front of the substrate, as the
flow exits the nozzle at supersonic speed. However, a normal shock wave can occur inside the
nozzle as well.

Figure 2.11

Normal shock wave inside the nozzle

Note. Reprinted from “Fundamentals of Aerodynamics, Fifth Edition,” by John D. Anderson.

It is preferable to avoid these shock waves because the flow slows down to subsonic
down-stream of the shock wave. Thus, the injected particles will slow down as well. Moreover,
21

having a shock wave at the front of the substrate will result in an inefficient coated layer,
especially if the particles do not have enough inertia to overcome the high pressure induced by
the shock wave.
As the flow becomes supersonic at the diverging section of the nozzle, a shock wave will
occur either at the nozzle exit, or at another location inside the diverging part. The shock
pressure PS can be obtained using equation (2.8):
𝑃𝑆
2𝛾
𝛾−1
=
𝑀𝑒 2 −
𝑃𝑒 𝛾 + 1
𝛾+1
•

If PS=Pb, the shock wave will occur at the nozzle exit.

•

If PS<Pb, the shock wave will occur inside the diverging section of the nozzle.

(2.12)

Upstream of the shock wave, the flow is supersonic and at low pressure and temperature.
Downstream of the shock wave, the flow becomes subsonic, thus pressure and temperature
increase. Let P1, T, ρ1 and M1, be the pressure, temperature, density, and Mach number just
before the shock wave; let P2, T2, ρ2 and M2, be the pressure, temperature, density, and Mach
number just after the shock wave. The pressure, temperature, density, and Mach number are
calculated:
𝑃2
2𝛾
= 1+
(𝑀1 2 − 1)
𝑃1
𝛾+1

(2.13)

𝑇2
2𝛾
2 + (𝛾 − 1)𝑀1 2
2
= [1 +
(𝑀 − 1)]
𝑇1
𝛾+1 1
(𝛾 + 1)𝑀1 2

(2.14)

𝜌2
(𝛾 + 1)𝑀1 2
=
𝜌1 2 + (𝛾 − 1)𝑀1 2

(2.15)

22

𝑀2

2

𝛾−1 2
2 𝑀1
=
𝛾−1
𝛾𝑀1 2 − 2
1+

(2.16)

The shock wave also affects the stagnation pressure, but the stagnation temperature
remains the same. Let P0,1 and T0,1 denote the initial stagnation conditions, and P0,2 and
T0,2 denote the new stagnation conditions. P0,2 is found by applying equation (2.2) after the shock
wave:
𝑃0,2
𝛾−1 2 𝛾
= [1 +
𝑀2 ]𝛾−1
𝑃2
2
𝑇0,1 = 𝑇0,2

2.2.6

(2.17)

(2.18)

Gas particle interaction
Despite the importance of the gas conditions, what really matters in a CS system is the

particle velocity, VP. Assuming that the particles inside the nozzle are subjected to drag only, the
acceleration can be found using Newton’s second law:
𝑚

𝑑𝑉𝑃
𝑑𝑉𝑃 𝐶𝐷 𝐴𝑃 𝜌(𝑉 − 𝑉𝑃 )2
= 𝑚𝑉𝑃
=
𝑑𝑡
𝑑𝑥
2

(2.19)

Where m is the particle mass, CD is the drag coefficient, AP is the particle cross-sectional
area, and (V-Vp) is the relative velocity between the gas and the particle.
Integrating equation (2.15), and assuming low spray particle velocity yields:

𝑉𝑃 = 𝑉 √

𝐶𝐷 𝐴𝑃 𝜌 𝑥
𝑚

Where x is the distance traveled by the particle inside the nozzle.
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(2.205)

An interesting conclusion can be drawn from equation (2.16). That is the particle velocity
depends on the nozzle length. The longer the nozzle, the larger the distance traveled by the
particle, and the higher the particle velocity.
The nozzle length has a significant effect on the particle velocity. The local gas Mach
number is also affected by the nozzle length according to equation (2.17):
𝑑𝑀 2 + (𝛾 − 1)𝑀
2 + (𝛾 − 1)𝑀2 −1
(
)
(𝑀
−
1)
=
(
)𝛾−1
𝑑𝑋 2 + (𝛾 − 1)𝑀2
2

Where 𝑋 =

𝑥 𝐶𝑑 𝐴𝑝 𝜌𝑜
2𝑚

(2.21)

is the dimensionless axial position.

Increasing the nozzle length results in a larger gas Mach number.

Figure 2.12

Gas Mach number vs dimensionless distance (measured from the throat) for two
specific heat ratios

Note. Reprinted from “Gas Dynamic Principles of Cold Spray,” by R.C. Dykhuizen and M.F.
Smith.
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To measure the effect of the nozzle length on the particle velocity, the Mach number is
determined first (using equation (2.17) and the curve in Figure 2.12). VP is then determined using
equation (2.18):
𝑉𝑃 = (𝑀 − 1)√

𝛾𝑅𝑇0
𝛾−1
1 + 2 𝑀2

(2.226)

It is important to keep in mind that equation (2.18) is applicable only for an optimal
nozzle design, in which the relative velocity between the gas and the particle is kept near Mach 1
[7]

. That is:
𝑉 − 𝑉𝑃 = √𝛾𝑅𝑇

(2.23)

In order for the particles to adhere to the substrate, the particle velocity at impact should
be larger than a threshold value called the critical velocity VC. Velocities under VC will not result
in any deposition on the substrate. Instead, a material loss occurs on the substrate due to erosion
[8]

. However, there is no exact formula to compute VC since it depends heavily on the

characteristics of the injected substance. The methods that can be adopted to find VC for a
particular substance are either experimental or numerical, providing that enough data about the
substance is known in order to conduct simulations.
Metals and alloys were tested for CS more than any other material. It was observed from
experiments that four factors had a great effect on VC: material density ρ, material melting point
Tm, material ultimate tensile stress σu and impact temperature Ti. Equation (2.20) is found in
literature [9]:
𝑉𝐶 = 667 − 14𝜌 + 0.08𝑇𝑚 + 0.1𝜎𝑢 − 0.4𝑇𝑖

25

(2.24)

VC is very crucial for the success of the deposition process. But, even if the velocity of
the particle at impact exceeds the critical velocity, not all the particles can adhere to the
substrate. A small portion will just bounce off. Yet, the portion of the particles that adhere should
be larger than the portion of those that do not. To determine how successful the deposition is,
the deposition efficiency DE is calculated:
𝐷𝐸 =

∆𝑚
𝑀0

(2.25)

Where Δm is the change in the substrate mass and M0 is the total mass of the powder that
was injected. Equation (2.21) gives the percentage of the mass that was successfully deposited on
the substrate with respect to the total mass injected. The deposition will not start unless the
velocity at impact exceeds the critical velocity. If not, the substrate will start losing mass due to
erosion caused by the particles impact. Increasing the impact velocity will increase the
deposition efficiency but it will never reach 100%. In fact, injecting the powder at higher
velocities may result in reversing the process; the particles that were already deposited
successfully on the substrate can be eroded by the upcoming high velocity particles.
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Figure 2.13

Effect of particle velocity on the deposition efficiency

Note. Reprinted from “Chapter 2 The Physics of Cold Spray,” by P. King, M. Yandouzi and
B. Jodoin.
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CHAPTER III
THEORETICAL ANALYSIS
3.1

Properties of gas carrier flow
As explained in section 1, CS technology uses pressurized heated gas to accelerate the

particles. The most used gases are air, helium, and nitrogen. Basically, any type
of compressed gas can be used as a propellant gas. Yet, low molecular weight gases can reach
high velocities. Helium, for example, has a low molecular weight, it can achieve a higher
velocity for a given nozzle geometry, compared to the velocities achieved by the other two
gases (air and nitrogen) for the same geometry. However, helium can be expensive, the reason
why some applications use a mixture of helium and nitrogen. The addition of nitrogen improves
the heat transfer between the carrier gas and the particles, but it increases the molecular weight
of the gas, which affects the velocity [9].
In general, air is the most used gas for CS systems. Its good properties and
availability make it the first choice for a driving gas.
3.2

Nozzle geometry
To determine the shape of the nozzle required for the deposition of cork, it is important to

identify first the necessary conditions of cork at impact. This section focuses on the effect
of adding a specific percentage of binder to cork powder, on cork deposition efficiency.
A simplistic analysis and a set of assumptions about cold spray process that we based
upon our choice of the nozzle’s geometry are presented here. In conventional cold spray of
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metallic powder on a metallic substrate, a successful operation can happen only if it is one of the
following three cases. Either the sprayed powder or the substrate undergoes a significant
deformation while the other experiences only small deformation (or none at all), or both the
powder and the substrate are deformed. If only the substrate is deformed significantly then the
powder particles push through the substrate and are stuck at some depth inside the surface of the
substrate. In this case there is a good chance of a successful deposition. In the opposite case
where only the powder particles deform significantly, there is a lower chance of deposition
because nothing is there to allow the powder to stick to the substrate after deformation. However,
a successful coating can happen if the powder contains a binder agent or some of the powder
particles melt at impact due to the generated heat, acting consequently as a binder. The last case
ensures the best results with superior adhesion. This is because a metallurgical bonding at the
grains structural level happens between the powder and the substrate.
The literature review about cork characteristics shows that it has a high compressibility
ratio but it also recovers its initial deformation to significant levels after deformation. These two
factors imply the most probably result is that the sprayed particles bounce off the substrate after
impact and fail to deposit. Moreover, the objective of this study is to deposit cork on strong
materials such as metals, but the energy needed to deform cork is far less than what it is needed
to deform metallic substrates. Therefore, based on the analysis presented and the literature
review information, we could say that most likely we are dealing with the second case of the
analysis. Also, cork does not have a melting characteristic, thus the only solution for a successful
deposition is the addition of a binder agent (such as a polymer or moisture) to the cork powder.
The addition of polymer as a binder means it will be cold sprayed along with cork
particles. Thus, the geometry of the nozzle should permit a successful cold spray of polymer.
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This is the first reason why the same geometry that was used in polymer cold spray is used for
this project to cold spray cork. Figure 3.1 illustrates the nozzle dimensions:

Figure 3.1

Polymer nozzle design

The second reason for adopting this design is that both cork and the polymer that was
used for the cold spray (polyethylene) have densities in the same order of magnitude: 160-240
kg/m3 for cork and 940 kg/m3 for polyethylene [1, 12]. Therefore, they are both considered light
materials for deposition, hence, they both need less speeds at impact compared to other cold
sprayed materials, such as metals.
3.3
3.3.1

Speed range estimation
First analytical approach
Cork’s preliminary critical velocity was determined based on the cold spray analysis of

polymers. Polyethylene was the closest material in characteristics that was successfully deposited
using a cold spray technique to cork.
In order to estimate a range for cork particles’ impact velocity, the yield strain energy and
kinetic energy at impact of polyethylene were calculated. Then, a ratio of the two was
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determined for the purpose of comparison. The idea is to quantify by how much the kinetic
energy at impact exceeds the strain energy at yield. The yield stress is approximately the point at
which the stress-strain curve of a material leaves the elastic deformation region and enters the
plastic deformation region. Therefore, it can give an estimation of how much impact energy is
needed for plastic deformation.
Using equations where 3.1 is the strain of energy of a material, 3.2 is the Young’s
Modulus, 3.3 is the Integration of 3.2 into 3.1, 3.4 is for kinetic energy, and 3.5 is the ratio
between equations 3.4 and 3.3. Noting that U is the strain energy, σ is the stress, ε is the strain, V
is the particle volume, E is the material’s Young’s modulus, KE is the kinetic energy, m is the
particle mass, v is the velocity and ρ is the density.
𝑈=

1
𝜎εV
2

(3.1)

𝜎
𝜀

(3.2)

𝐸=

𝐾𝐸 =

1 𝜎2
𝑈=
𝑉
2 𝐸

(3.3)

1
1
𝑚 𝑣2 = 𝜌 𝑉 𝑣2
2
2

(3.4)

𝐾𝐸
𝜌𝑣 2 𝐸
=
𝑈
𝜎2

(3.5)

For polyethylene, the Young’s modulus (3.2) is 1.07 GPa and the stress at yield is 26.2
MPa [13]. The measured velocity at impact that resulted in polyethylene deposition is 191 m/s,
with a mean particle diameter of 65 µm [12].
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Inserting these values in equation (3.5) gives 53.453. Taking the base ten logarithm of the
ratio results in around 1.7, which means that for polyethylene deposition to occur, the kinetic
energy should be bigger than the yield strain energy by approximately two orders of magnitude.
Based on the assumption of similarity between polyethylene and cork behaviors, the
previous conclusion can give a rough estimation of the velocity required for cork.
Cork’s stress-strain curve under compression, Figure 3.2 shows that the linear elastic
region limit is the buckling point. The latter can substitute the yielding point. The Young’s
modulus is 20 MPa and the buckling stress is 0.8 MPa [3].
The kinetic energy at impact is larger than the yield strain energy by approximately two
𝐾𝐸

orders of magnitude means that: 1.6 ≤ log ( 𝑈 ) ≤ 2.5. Since polyethylene is around four times
denser than cork, it can be assumed that cork may need less velocity at impact. In order to
include low speeds in the estimated range, the lower limit of the logarithm ratio is taken to be 1.6.
On the other hand, cork is highly elastic, and can absorb considerable amounts of energy
compared to polyethylene. The reason why it may need higher velocity at impact. To include
high speeds in the estimated range, the upper limit is taken to be 2.5.
Taking a minimum value of 1.6 yields:

= √101.6 (

𝜎2
)
𝐸𝜌

For a density of 160 kg/m3, the speed is 89.230 m/s.
For a density of 240 kg/m3, the speed is 72.856 m/s.
Taking a maximum value of 2.5 yields:
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(3.6)

𝑣 = √102.5 (

𝜎2
)
𝐸𝜌

(3.7)

For a density of 160 kg/m3, the speed is 251.486 m/s.
For a density of 240 kg/m3, the speed is 205.338 m/s.
This mode creates an estimated velocity range of [72.856 m/s, 251.486 m/s].
The mean velocity is 154.727 m/s.
3.3.2
3.3.2.1

Second analytical approach
Ideal/Theoretical case
All Kinetic Energy is converted into Strain Energy (deformation in the form of

compression) is expressed by KE → U.
So, the speed required is estimated by finding the Kinetic Energy needed. And the latter
is found by calculating the Strain Energy, which can be obtained by multiplying the volume by
the area under the compression curves, Figure 3.2 and Figure 3.3 in the following manner:
For a cork particle with kinetic energy KE, strain energy U, mass m, speed v, density ρ,
volume V, and area A under its compression plots:
𝑈 = 𝐴. 𝑉
(3.8)
Setting the kinetic energy equal to the strain energy:
𝐾𝐸 = 𝑈
(3.9)
Using equation 3.4, the volume will be canceled:
1 2
𝜌𝑣 = 𝐴
2
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(3.10)

The velocity is then:

𝑣=√

2𝐴
𝜌

(3.11)

The density of cork is 240 kg/m3.
The area under the plots can be calculated using the Trapezoid Formula:
𝑛

1
∑( (𝑓(𝑥𝑖 ) + 𝑓(𝑥𝑖−1 )). (𝑥𝑖 − 𝑥𝑖−1 ))
2
𝑖=1

(3.12)

There are two factors that affect the area under the plots.
The first one is cork quality. The worse the latter is, the more energy is needed to achieve
the same compression percentage as it can be seen from the plots of C1 (good quality) and C4
(bad quality) (Figure 3.2 and Figure 3.3).
The second factor is cork anisotropy which means the mechanical behavior of cork
changes according to its axes because of the shape of its cells along each axis (Figure 2.3). This
is apparent in the radial plot which reaches around 16MPa at 80% compression while the nonradial only reaches 10MPa. (We took axial as reference for the non-radial because the axial and
tangential plots are very similar and this is explained by the similarity in the cells shape in these
axes (Figure 2.3).
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Figure 3.2

Axial compression stress-strain curve of cork

Note Reprinted from “Effect of quality, porosity and density on the compression properties,” by
O. Anjos, et al, 2008.

Figure 3.3

Radial compression stress-strain curve of cork

Note Reprinted from “Effect of quality, porosity and density on the compression properties,” by
O. Anjos, et al, 2008.
So, to calculate a range for the speed, we calculate a minimum and a maximum.
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The minimum is when the impact happens along a non-radial axis (axial or tangential)
and the cork is of good quality. For this case, we calculate the area under C1 from the axial
plot Figure 3.2. Using the equation of speed we derived, we get 100 m/s.
The maximum happens when the impact is along the radial axis and the cork is of bad
quality. For this case, we calculate the area under C4 from the radial plot Figure 3.3. Using the
equation of the speed we derived, the result is 130 m/s.
Therefore, a safe range in this ideal assumption case is 100-150 m/s.
3.3.2.2

Real case
In reality, a significant portion of the kinetic energy is lost as sound generation, heat

generation, and absorption by the substrate at impact.
Assuming half of the kinetic energy is converted to strain energy while the other half is lost, we
get a speed of 182 m/s.
Assuming only one third 1/3 of the kinetic energy is converted to strain energy and the
other two thirds 2/3 are lost, we obtain a speed of 223 m/s.
Therefore, a safe range was considered to be 150-250 m/s.
3.4

Powder injection mass rate
The powder injection mass flow rate is an important factor that determines the flow

characteristics inside the nozzle. By way of illustration, the diameter of the nozzle at the 37
mm location where cork is injected (discussed in section 4.3.2.4) is about 3.5 mm, with a cork
particle diameter of 0.5 mm. Therefore, if the powder feeder inlet is too large, cork particles will
fill the whole space inside the nozzle which disturbs flow characteristics drastically. This is
because air undergoes a momentum exchange with cork particles and so more particles means
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more loss for air and less momentum for each particle. Also, air will not have enough space to
pass around the cork particles. Therefore, the flow may become very turbulent which means the
results will not be close to the simulations. On the other hand, reducing the powder feeder inlet
too much may result in clogging of the inlet. Therefore, the team has decided that a 2.5 mm
powder inlet diameter will achieve satisfactory results. This was chosen so that cork particles fill
50% of the circular area inside the nozzle at 37 mm Figure 3.4. Also, this diameter allows
for a sufficient number of particles to pass and avoid clogging Figure 3.4. In this manner, we can
be sure that the cork particles that pass will never in any case fill the area inside the nozzle more
than 50%.
𝐴𝑃𝑜𝑤𝑑𝑒𝑟 𝐼𝑛𝑙𝑒𝑡
𝐴𝐼𝑛𝑠𝑖𝑑𝑒𝑟 𝑁𝑜𝑧𝑧𝑙𝑒 𝑎𝑡 37 𝑚𝑚

2
𝜋 × 𝐷𝑃𝑜𝑤𝑑𝑒𝑟
𝐼𝑛𝑙𝑒𝑡
2
𝐷𝑃𝑜𝑤𝑑𝑒𝑟
𝐼𝑛𝑙𝑒𝑡
4
=
=
2
2
𝜋 × 𝐷𝐼𝑛𝑠𝑖𝑑𝑒
𝐷
𝑁𝑜𝑧𝑧𝑙𝑒 𝑎𝑡 37 𝑚𝑚
𝐼𝑛𝑠𝑖𝑑𝑒 𝑁𝑜𝑧𝑧𝑙𝑒 𝑎𝑡 37 𝑚𝑚
4

𝐴𝑃𝑜𝑤𝑑𝑒𝑟 𝐼𝑛𝑙𝑒𝑡
𝐴𝐼𝑛𝑠𝑖𝑑𝑒𝑟 𝑁𝑜𝑧𝑧𝑙𝑒 𝑎𝑡 37 𝑚𝑚

Figure 3.4

2.52
=
= 0.5102 = 51.02%
3.52

Air has about 50% unrestricted space to pass through, thus retaining its
characteristics
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Figure 3.5

At least 9 cork particles of 0.5 mm diameter can pass through the powder feeder
inlet with 2.5 mm diameter
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CHAPTER IV
MODELING
4.1

Cold spray system design
Following the cold spray process described in Figure 4.1 a 10–Gallon compressor used to

feed compressed air up to 125 PSI is connected to a 30 in., air hose. The short hose is used to
avoid creating big pressure head loss. An in–line heater capable of going up to 1000°F connects
the air hose to an extreme temperature air–hose capable of withstanding the hot air coming out of
the heater. The nozzle designed in section 4.2 connects to the powder feeder; where the cork
mixture is held as seen in Figure 4.2.
Figure 4.1 shows the experimental set–up used.

Figure 4.1

Experimental set-up

39

Figure 4.2

4.2
4.2.1

Nozzle and powder feeder

Nozzle design
First geometry
Following the assumption of similarity between polyethylene and cork behaviors, the

same nozzle geometry used for polyethylene cold spray [12] is adopted for cork.
As indicated in Figure 3.1, the convergent length, divergent length and diffuser length are
4.44, 285.56 and 10 mm respectively, which are the same lengths as the polyethylene nozzle.
The diameters of the nozzle inlet, throat, and diffuser inlet and diffuser/nozzle outlet are 9.8,
2.66, 10 and 4 mm respectively. These diameters are also taken from the polyethylene nozzle
design.
4.2.2

Final design connection options
One of the main characteristics of design is the infinite possibilities and ideas that can be

implemented. Still, designs are to be compared in order to determine the most optimized one
depending on the factors that matter the most in a specific project. In order to compare the many
designs proposed during this study, the feasibility with respect to time, the minimization of
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complexity, and also the adaptation with the constraints were the priority. Weights were
allocated to the characteristics and then included the main designs in a comparison matrix.
The most important constraint of the design was connecting the nozzle to the spray gun of
a sandblaster. In this study, a design that requires a specific inlet diameter, pressure, and
temperature was provided. The spray gun, that was a feasible purchase option, had a different
diameter and a different powder inlet. It also included a specific connection mechanism that
interfered with the prior design. The other constraint was the high gas temperature and obligation
of having an insulation layer since the gun is supposed to be in direct contact with the user’s
hand.
In table 4, the weight of each characteristic will be mentioned in the form “characteristic
(weight)”. Then, each option is going to be given a mark from 1 to 5 in each characteristic.
Finally, the marks will be multiplied by the corresponding weights and summed together
to provide a final value. The maximum possible value is 50. The result of each option will be out
of 50, and the option with the higher result will be adopted.
The manufacturing technique and the manufacturing time and cost obliged us to change
the design and opt for a simpler one. With more availability in terms of prototyping parts, new
options became possible.
Table 4.1

Options Ranking

OPTIONS

Feasibility (5)

Simplicity (2) ADAPTABILITY (3)

OPTION 1, Figure 4.3

4

1

2

28/50

OPTION 2, Figure 4.4

3

2

3

28/50

OPTION 3, Figure 4.5

5

4

3

42/50

OPTION 4, Figure 4.6

5

4

5

48/50
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SUM

Figure 4.3

Option 1

Figure 4.4

Option 2

Figure 4.5

Option 3

Figure 4.6

Option 4
42

4.2.3

Powder inlet position
The exact position at which the powder gets inserted is highly critical. The long divergent

part allows the powder to exchange heat and kinetic energy with the air so that it can reach the
speed and temperature at which it is expected to stick. The powder insertion should then be as
close as possible to the throat. The pressure plot from the CFD simulation show that after the
position of 31 mm the air pressure becomes lower than atmospheric pressure. This pressure
difference will allow a spontaneous suction behavior. Additional simulations show that inserting
the powder at a position of 37 mm still allows to reach the required conditions, at the same time
it provides enough pressure difference to have a good suction. (The powder feeder position is
discussed in more detail in section 4.3.2.4).

Figure 4.7

4.3

2D drawing of the powder inlet position

CFD simulation
The simulation is done through ANSYS software, Fluid Flow Fluent package.
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4.3.1
4.3.1.1

Simulation of the first nozzle geometry
Design
The same geometry shown in Figure 4.7 is designed in Ansys Design Modeler

workbench. The nozzle has an axisymmetric geometry which allows a 2D numerical solution of
the partial differential equations that govern any viscous, compressible, Newtonian flow. In
order to simulate the flow out of the nozzle, the substrate is also included in the design, with a
standoff distance of 12 mm.
4.3.1.2

Mesh development
The mesh was developed for CFD analysis of the flow using a quadrilateral mapped

mesh. Moreover, the implementation of high smoothing mesh increases its quality for capturing
the various flow phenomena such as shock waves. The final statistics were 24084 nodes and
23056 elements.
4.3.1.3

Boundary conditions
The use of the Pressure Inlet boundary condition type for the nozzle inlet allows the

specification of the stagnation pressure, 583.8 kPa and stagnation temperature 548 K [12]. The
same boundary conditions as the polyethylene nozzle stagnation were imposed here to first,
check the validity of the mesh and CFD analysis. And second, to see how cork particles would
behave in these conditions. The purpose is to check the validity of introducing the polymer
binder to bind the cork particles in case they do not adhere to the substrate (as discussed in
section 3.2).
•

The axisymmetric geometry of the nozzle permits a 2D analysis of its half, with a
boundary condition Axis for the nozzle centerline.
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•

The no-slip condition is imposed on the nozzle walls and substrate through the Wall
boundary condition. In addition, using the escape wall type allows tracking of the
particle.

•

Pressure Outlet boundary condition is used for the back-region domain to impose room
conditions (101325 Pa and 300 K).

4.3.1.4

Set-up
Air is assumed to be an ideal gas. The flow is assumed to be compressible, isentropic and

at steady state. Since there is one fluid only, the Multiphase model is kept OFF, and energy
equation is enabled.
The lowest value observed for Reynold’s number is 10000 [12]. Thus, the flow is
turbulent. The standard k-ε turbulence model is used for the viscosity of the fluid. In order to
allow tracking of the particle, the Discrete Phase Models (DPM) is enabled. The injection is at x
= 5 mm and y = 0 mm (nozzle centerline after the throat), with an initial velocity of 0 m/s and
temperature of 300 K.
To check the first constraint (validity of the mesh and CFD analysis), a single particle of
polyethylene was injected with a density of 940 kg/m3 and a diameter of 65 µm.
4.3.1.5

Solution
The solution method implements the coupled scheme of Pressure-Velocity coupling, with

pseudo-transient phase. The residuals convergence is set to 10-3 for continuity, energy and
velocity equations.
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4.3.1.6

Results
The results were very close to those found in literature [12]. So, this set up can give a good

approximation on flow and particle behaviors.
The second step is to inject cork. The availability of cork powder imposes a constraint of
having the particle diameters between 0.2 and 0.5 mm. Different particles will result in different
speeds. A good approximation would be that of the lowest speed. In other words, the speed of the
largest heaviest particle. For this reason, the injected cork particle has a density of 240 kg/m3 and
a diameter of 0.5m. Figure 4.8 shows the flow properties inside the nozzle:

Figure 4.8

Gas static pressure, static temperature and axial velocity

It can be seen that a shock wave occurs inside of the nozzle at about 50 mm form the
inlet. Basically, a shock wave is induced in any supersonic flow due to the pressure gradient. The
flow senses atmospheric pressure at the nozzle exit. Therefore, low pressure gas adjusts itself by
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inducing a shock wave to reach atmospheric pressure. Consequently, the velocity drops to
subsonic.
This shock wave is needed because it will reduce the particle impact velocity to avoid
erosion at the substrate, and to increase the impact temperature to soften the material [12].
However, due to the diffuser at the exit, the flow accelerates again and reaches supersonic
conditions at the outlet.
The shock wave effect on both the static pressure and the Mach number of the gas are
clearly shown in Figures 4.9 and 4.10:

Figure 4.9

Gas mach number contour

47

Figure 4.10

Gas static pressure contour

The cork particle reached an impact velocity of 201.696 m/s, and an impact temperature
of 377.02 K (with an injection at 5 mm from inlet).
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Figure 4.11

Particle velocity and temperature

The particle velocity at impact is within the estimated range. So, the polyethylene nozzle
design gives good results for cork particles as well. Furthermore, the particle impact temperature
(104.02°C) is below cork burning point (450°C) [5]. However, cork may need an impact
temperature above 200°C. Because at this temperature, the walls of cork cells start losing their
mass [5]. As a consequence, natural adhesive materials in cork are released, which will help in
adhering the particles to the substrate. Experiments on cork agglomerates show that a good
adhesion between cork particles is achieved at temperatures of 230-300°C, at which cork loses
about 10-25% of its mass [6].
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4.3.2

Simulation of the second nozzle geometry

4.3.2.1

Flow properties
The modified design is shown in Figure 4.7. The only dimension that was changed is the

convergent length, 4.106 mm. The remaining lengths and diameters are the same. Following the
same steps of Mesh development (in this case: 24067 nodes and 23040 elements), Boundary
conditions, Set-up and Solution, the simulation provides the results seen in Figures 4.12, 4.13,
and 4.14:

Figure 4.12

Gas static pressure, static temperature and axial velocity for modified design
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Figure 4.13

Mach number contour for the modified design

Figure 4.14

Static pressure contour for the modified design

It can be seen that both geometries provide similar results. The modification had very
minor effects on the flow properties inside the nozzle.
4.3.2.2

Impact velocity
Analytical approaches show that the estimated impact velocity range is within 150-250

m/s, depending on cork quality, compressibility and energy dissipation. By way of illustration,
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using a bad quality cork requires more energy at impact, thus higher velocity needs to be
achieved. The CFD simulation for the second nozzle geometry shows that the particle speed at
impact is within the estimated range. However, the powder feeder position affects the output
velocity. Table 5 illustrates the variation of impact speed for a single cork particle, with a density
of 240 kg/m3, diameter of 0.5 mm and at a standoff distance of 12 mm, keeping the same
previous stagnation conditions, with a change in the injection position:

Table 4.2

Powder feeder position effect on impact speed

Position from Nozzle Inlet (mm)

Impact Speed (m/s)

4.5

200.087

17

192.126

37

174.135

47

162.245

The impact speed drops as the injection position gets farther from the nozzle inlet. Which
is logical since the powder injection position determines how much distance is left for the
particle to get accelerated. The lower the distance, the less the acceleration.
4.3.2.3

Impact temperature
Literature about cork agglomerates show that good adhesive properties of cork are

reached when it is heated to temperatures in the range of 200-350°C [6]. Simulations on the
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injection of a single cork particle, at 37 mm from nozzle inlet, show that the impact temperature
at the substrate is much lower (101.398°C).
To increase impact temperature, one option is to increase the gas stagnation temperature
at the inlet. As a result, more heat transfer will occur between the hot air and the accelerated
particle. Hence, reaching a higher temperature at impact. Changing the stagnation temperature in
the simulation, and keeping the same stagnation pressure (for powder injection at 37 mm) gives
the following:

Table 4.3

Effect of stagnation temperature on impact temperature and speed

Stagnation Temperature (°C)

Impact Temperature (°C)

Impact Velocity (m/s)

275

101.398

174.135

300

104.68

182.236

400

130.016

188.916

500

148.291

201.135

It can be seen that increasing the gas stagnation temperature will not only increase
particle temperature, but its velocity as well. Because high temperature means that the gas will
expand rapidly, resulting in more momentum transfer to particles, hence higher velocities at
impact. Yet, the impact temperature is still less than the minimum value.
The availability of powder imposes a particle size between 0.2-0.5 mm, the reason why it
became harder to increase particle’s temperature through increasing the gas stagnation
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temperature. Because larger particles mean larger thickness, hence slow heat transfer, especially
with cork as it is one of the best insulation materials.
4.3.2.4

Powder feeder position
The powder feeder position is a very critical constraint. Since it affects both velocity and

temperature of particles at impact. The choice of this position should not be neither too far from
the nozzle inlet, nor too close. The first thing to keep in mind is that the gas in the converging
section is very hot as it flows directly from the gas heater to the inlet. Injection at this section
may result in burning the cork powder, and also melting the added binder. So, the injection must
be in the diverging section where gas temperature drops, and its speed increases. The second
thing is that powder will be kept inside a tank at atmospheric pressure. To avoid the usage of
another compressor, the injection should be at a point where the pressure is less than the
atmospheric one. This will create vacuum conditions and allow for powder suction. The third
point is that simulations show that as the air reaches supersonic condition in the diverging part, a
shock wave is induced at 48.73 mm from inlet. The flow downstream loses its momentum and
recovers its temperature. But it recovers pressure as well. Which makes it impossible for the
vacuum suction to work.
So, an injection through vacuum suction needs to be in the diverging section, at a point
where temperature is below cork’s burning point and the binder’s melting point, and at a pressure
that is less than the atmospheric one. Table 7 provides the pressure distribution inside the
diverging part from position 31 mm (flow reaches atmospheric pressure) to 48.73 mm (shock
wave).
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Table 4.4

Pressure distribution from 31 mm to 48.73 mm
Position from Inlet (m)

Gas Static Pressure (kPa)

0.0314074

101097

0.0332124

96989.8

0.0350174

93169.3

0.0368224

89567.7

0.0386274

86207

0.0404324

83066.3

0.0422374

80123.7

0.0440424

77278.5

0.0458473

77354.2

0.0476523

59763.2

0.0487353

103861

The team decided to opt for a position inlet at around 37 mm at which the pressure is
about 89.5 kPa. This will ensure a good powder suction. It is true that the pressure after 37 mm
keeps on decreasing, which means it can provide a better suction, but the particle speed and
temperature will also decrease as shown previously. Thus, 37 mm is the best solution for this
trade-off.
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4.4

Experimentation – Deposition Efficiency
In the scope of the study, a metric was needed to judge the deposition efficiency of the

coating of cork powder. One efficient method is the deposition efficiency (DE). It is defined by
the difference of mass of substrate before and after being sprayed, divided by the mass of powder
that has been sprayed. Equation 5.1 present the DE:
DE=ΔmM0
(4.13)

Where Δm is the difference of mass substrate before and after cold spray, and M0 is the
total mass of the powder that has been sprayed.
This parameter is usually presented in percentages as it is a good indicator of the
efficiency of the coating. It ranges between 0% and 100%. The first presents the case where not
even a single particle got coated to the substrate, i.e. all the powder have been scattered in the
atmosphere, and/or bounces back from the substrate after impact. While the second, 100%,
implies that all particles that came out of the powder reservoir, have been successfully coated to
the substrate. It goes without saying that the latter efficiency is relatively unrealistic in a practical
case. However, it is important to note that the Deposition Efficiency can reach values around or
even higher than 80% to 90%. Achieving this level requires intensive experiment using different
configurations of both nozzle and particles. Nonetheless, and in general, the parameter that plays
the most important role in defining the DE is the Critical Velocity Vc or Vcrit. Critical Velocity is
the minimum velocity of the particles, at which coating starts to happen. In other words, any
value below the Vc will lead to a Deposition efficiency that is very low, i.e. can go as low as 0%.
Figure 4.15 presents the relationship between the critical velocity and the deposition efficiency.

56

Figure 4.15

Critical velocity vs deposition efficiency

The graph shows that anywhere below the critical velocity will make all the powder
particles coming out of the nozzle experience abrasion. In other words, they either get scattered
in the atmosphere or bounce back from the substrate. Also, it is interesting to see that the higher
the particles’ velocity, but starting from Vc, the higher the deposition efficiency. The
proportionality is first linear right after the Critical Velocity, but it reaches a certain peak where
the Deposition Efficiency maintains a relatively constant level even after increasing the particles’
velocity.
.
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CHAPTER V
RESULTS AND DISCUSSION
5.1

Theoretical
In the experimentation phase, polymer binder was added to cork with different

percentages at each stage of experiment. The high-speed camera indicates that the particles reach
a velocity range of 79-98 m/s. To compare the results against CFD simulation, two particles were
injected at 37 mm from inlet, one of them is a cork particle, and the other one is a polymer
particle. The simulation of the particle track gives the plot for each particle’s velocity. Figure 5.1
shows the resulting plots, the red one is the cork particle speed plot, and the blue one is the
binder particle speed plot. Similar conditions of the experiment were implemented in the
simulation, with a stagnation pressure of 551580 kPa (80 psi), a stagnation temperature of 773 K
(500°C) and a stand-off distance of 2 cm. Moreover, the polymer powder was 200/0 mesh size,
which is about 74 µm in diameter of each particle. (Cork particle diameter was kept the same;
0.5 mm).

58

Figure 5.1

Cork and binder particle velocity plot

The cork particle reached an impact velocity of 208.456 m/s. While the polymer particle
reached 223.098 m/s.
Despite being denser and heavier than cork, the binder particle could reach a higher
velocity. This can be explained by the difference in size between the two particles. The larger the
particle, the higher the drag forces that the flow will exert o it. So, the cork particle was
subjected to more drag. The reason why it was slower, even though it is lighter than the polymer
particle. However, both impact speeds reached close values.
The second observation is that the simulation results do not match the experimental ones.
The nozzle was manufactured by joining pieces of nozzle sections. This method can lead to some
leakage in the final nozzle assembly. Thus, the gas pressure and temperature will drop
significantly inside the nozzle, which will decelerate the flow and the particles.
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The low obtained temperature is justified by the heat losses in hose that relates the heater
to the nozzle, and also the heat losses inside the nozzle itself, both due to the leakage and to the
material of fabrication.
One of the main perspectives is to have better control over the heat, not only because the
cork is expected to have better adhesive characteristics at higher temperatures, but also because
simulations have shown that higher speeds would result from having higher temperatures.
Future testing should consider the deviation of moisture and heat in respect to the
previously tested matrix. In traditional manufacturing of cork, cork material is boiled at 400°C
for a period to release the natural adhesive material characteristics. The material is then coated in
a binder and compressed between two molds. The molds and material are slowly heated, held at
temperature, and then slowly cooled to finalize the permanent agglomeration process of
manufacturing cork.
In the experimentation process, moisture was added in the ratio of 2-parts water:1-part
material. Deviations such as reducing or increasing moisture should be experimented with the
agglomeration results being compared. In addition to the moisture deviation, temperature
changes regarding time and range should also be investigated. Initial experimentation includes
heat gun produced direct heating reaching 40°C. Future test matrix will explore the opportunity
of variations of increasing, decreasing, or stagnate heat at differing ranges and times.
Additional aspect that should be implemented is the testing of the successfully
agglomerated samples, by way of strength, strain, stress, thermal, and acoustic properties. An
option to potentially increase these results is to add a binder of some sort (liquid or solid) to
various stages in the cold spray process.
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5.2

Modeling
The final design is composed of 4 sections that complement each other in order as

indicated in Figure 5.2 to obtain the required speed and temperature of the cork particles at the
outlet of the system. The compressed preheated air enters the nozzle at the indicated air inlet to
reach “SECTION A”. The purpose of having this section is to cancel any possible turbulence
caused in the connection area. The regulated flow then enters “SECTION B” which is the
convergent part of the nozzle. This section accelerates the flow to reach Mach 1 at the throat.
The air then expends into “SECTION C” and experiences more acceleration until a shock wave
occurs. The position of the powder inlet is carefully defined so that it can be located in a range
where the air pressure is lower than atmospheric pressure. At the same time powder should be
inserted as early as possible so that is has enough room to exchange heat and kinetic energy with
air. After the shock wave, the speed drops. Then air enters “SECTION D” in which the flow gets
reaccelerated. Figure 5.3 and Figure 5.4 represent respectively the outer and the inner 3D views
of the final product.
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Figure 5.2

Detailed 2D drafting of the final nozzle CAD design

Figure 5.3

Isometric view of the final nozzle CAD design
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Figure 5.4

5.3

Section view of the final nozzle CAD design

Experimentation
Results from the initial prototype experiments can be divided into three section in this

study, i.e. Initial Prototype, Preliminary Results, Initial Prototype, Secondary Results, and Initial
Prototype, Final Results. Every section will be present in the following with the results of each
and a discussion that follows it.
5.3.1

Initial Prototype, Preliminary Results
The objective of this section was to test the overall function and set-up of the cold spray.

In other words, it was the step where first trials where run and issues were resolved. The main
problems that were faced are related to the heater, leakage of air in the nozzle, and the suction of
the powder. These issues were successfully addressed in this phase of the study. Cork powder
cork spray was experimented, but without the heater, and while the suction did work, there was
no apparent coating of the powder over the Steel substrate that was used.
Then, a second attempt was conducted, this time using the heater. The heater itself can
reach a temperature as high as 540°C, however the air coming out of the nozzle is only at around
40°C. It is interesting to note that heater can reach 540°C, which is its maximum capacity, when
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air is not flowing through it, i.e. compressor valve is closed. When the air goes through the
heater resistances, it cools them down very rapidly reaching a steady state of around 50°C in a
matter of seconds. Then, cork that has been sprayed was also unsuccessful at coating the steel
substrate. All particles bounced back from the substrate which led to a very low DE.
These results suggested that raw cork powder, at least given the input parameters and
configurations of this particular cold spray show that cork alone could not get coated. For this
reason, it was decided to use binder with the cork, as will presented in the next section.
5.3.2

Initial Prototype, Secondary Results
Since the preliminary results were not successful in coating the substrate, Binder, in a

form of powder was used along the cork powder. The powder mixture in this experiment was
70% Binder and 30% cork. These values were chosen following what is conventionally being
used 3D printing or other methods of manufacturing of cork since there are not many
information in literature about cork cold spray. In other words, since the first experiment did not
lead to a desirable result, it was of interest to test the conventional methods that couple cork and
binder.
The cold spray test for this secondary result was done over different material substrate,
i.e. Aluminum, Steel, Ceramic, Glass, Wood, and Plastic using the same experimental set-up, i.e.
including the heater. Results from cold spraying cork with 70% powder binder were very
motivating, as coating did actually happen with a high deposition efficiency. Figure 5.5 show the
materials coated with cold sprayed cork and binder for Aluminum, Steel, Ceramic, and Glass.
The Wood and Plastic substrate are not presented because deposition efficiency was very low.
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Figure 5.5

Cold sprayed substrates with cork and binder for: a) aluminum b) glass c) ceramic
d) steel

These results were very motivating especially since the deposition efficiency was
moderately high, and this is especially for Aluminum as shown. This section showed that the use
of Binder powder does actually make a difference and get the powder to be successfully coated
on the substrate. So, this does indeed answer the question of whether the cork powder can be
cold sprayed or not and the answer, as shown in the Figure 5.5, is yes. However, note that this is
still while using an important amount of binder that is typically used in other methods of
manufacturing of cork. The scope of this study is also to investigate the greenest way possible to
cold spray cork, which is why it has been decided to conduct a different set of experiment to try
to reach cold sprayed cork powder coating with 0% Binder. This is discussed in the next section.
5.3.3

Initial Prototype, Final Results
In this study, it was tried to trigger the cork powder’s adhesive properties by adding a

moisture, i.e. an amount of water to the mixture of cork and binder and heat it up the mixture
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instead of the air using a heat gun reaching a temperature of 40°C in the mixture. Three
experiments were conducted in this part, i.e. 70% Binder, 20% Binder and 0% Binder. Also, note
that the same amount of water has been added for all three experiments, this counts roughly for
twice the mass of cork-binder mixture. For instance, for a 60g of cork-powder mixture, around
120g of water was used. Also coating in this section was solely used upon an Aluminum
substrate. Results are presented in the following for each mixture:
5.3.3.1

Mixture 1: 30% Cork, 70% Binder
This first test showed very successful results with an even better Deposition efficiency as

shown in Figure 5.6.

Figure 5.6

Mixture 1: 30% Cork, 70% Binder

This cork spot shows that again, a 70% binder leads to a successful coating of the
substrate. Also, since we added moisture it seems that it resulted in a better deposition efficiency
and thus a better quality coating. These successful results motivated using a lower amount of
cork to see if it is possible to reduce the amount of binder in a cork-binder mixture, one that is
lower that what is conventionally used in cork manufacturing technics.
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5.3.3.2

Mixture 2: 80% Cork, 20% Binder
The approach that is used here is bottom-top. In other words, it is suggested that since

70% Binder mixture led to a successful coating, if the present mixture, i.e. 20% leads to a
successful coating of the substrate as well, it is implied that all percentages of binder between
70% and 20% will also lead to a coating. Results of the cork cold spray with 20% Binder are
presented in Figure 5.7.

Figure 5.7

Mixture 2: 80% Cork, 20% Binder

Once again, the cork has been successfully cold sprayed on the Aluminum substrate with
a great Deposition Efficiency, which is estimated to be as high as 80%. Now that it has been
proved that cork can be successfully coated with 20% Binder, it was of great interest in this study
to test, once a gain a mixture without Binder, i.e. 0% Binder. This is presented in the following
section.
5.3.3.3

Mixture 3: 100% Cork, 0% Binder
Before presenting the results, it is worth mentioning that it has been shown in the

Preliminary Results section, raw cork powder (no moisture) without any binder has led to
unsuccessful coating. However, in this mixture, moisture, plus heating up of the mixture to 40°C
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are considered. Thus, it was worth conducting this experiment given the positive results from
prior two mixtures. Results from this trial is shown in Figure 5.8.

Figure 5.8

Mixture 3: 100% Cork, 0% Binder

As indicated in Figure 5.8 above, cork has been successfully cold sprayed with 0%
Binder. This is the very first time that this result is achieved, and it can be said that a green way
of cold sprayed cork has been achieved in this study. It is interesting to note that the DE is great,
not as high as that with the binder, but still show very promising results. This is a huge step in
cork cold spray technology particularly, but also for cold spray of natural materials in general.
This successful result of sprayed cork shows that, it is possible to cold spray cork, and that
without the use of binder, as long as the cork powder has moisture in it and is heated.
.
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CHAPTER VI
IMPROVED PROTOTYPE
6.1

Repairs and Additions
Upon achieve these groundbreaking results, the decision was made to repair the identified

short comings of the nozzle and the setup. After inspecting the nozzle, it was found that there are
some problems that should be addressed before continued testing. The nozzle was leaking, the air
compressor exhibited a sudden pressure drop, the inline heater was not operable and lastly the
suction was too weak to feed the cork into the nozzle. All this dramatically affected the
functioning of the sprayer after the initial round of testing and thus could not have a successful
initial coating during the second round of testing. Some of these issues were fixed simply by
changing the nonfunctioning components, like the inline heater and the air compressor but others
required to change the whole mechanism used. For example, to solve the suction problem
different feeding method like gravity feeding (Figure 6.1), force feeding, new designed container
(Figure 6.2), and cleaning of the clogged material, where steamed cork was used to increase the
pressure inside the container to have a good suction and to get the cork wet and increased its
temperature, these were factors that were used later in the following experimental design.
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Figure 6.1

Gravity feeding the cork

Figure 6.2

Steam container
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Referencing Figure 6.2, below the filter (yellow part) housed water and above it cork
powder rest so when the water gets boiled, the pressure increases, and the suction improves. To
boil the water many methods were used as well, starting from using what is available like the
wax heater (Figure 6.3), to using a portable stove to speed up the process (Figure 6.4).

Figure 6.3

Boiling the water inside the steamed container using the wax heater
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Figure 6.4

Boiling water using a portable stove

The steamed container improved the suction, but it had one drawback, because the follow
temperature is relatively low (high speed) the steam became condensed when it reached the
nozzle, therefore water was experienced being expressed in excess with the cork, this affected
the quality of the coating. For the loss in pressure, a new air compressor was purchased with a
bigger tank volume, and a valve was added to the sprayer (Figure 6.5) so opening it only when
the compressor reaches the desired pressure of operation to avoid the pressure drop, was
possible.
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Figure 6.5

Adding valve to the sprayer

The nozzle was too heavy to hold while spraying and thus made the disposition
inconsistent. To address this a support from wood (Figure 6.6) was constructed. This particular
modification became increasingly valuable as the testing continued.

Figure 6.6

Nozzle support
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During the next round of testing, an aluminum substrate was used in order to get
consistent results. To aid in that goal, a consistent standoff distance was desired. To achieve this
goal, a substrate support (Figure 6.6) was designed that has three slots with five possible standoff distances (1, 2, 3, 4, 5cm) and resultingly 3D printed (Figure 6.7).

Figure 6.7

CAD design of the substrate holder

Figure 6.8

The 3D printed substrate support implemented
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After repairing the nozzle and all existing components, trials commenced in goal of
narrowing what conditions (pressure, temperature, cork size …) the sprayer can coat
successfully, and establish a baseline needed to have a successful coating (without taking into
consideration the quality of the coating). Therefore, a pressure range of 30 to 50 psi would need
to be used, as well as a cork size that varied according to whether the cork used is wet or dry. For
wet cork the sizes that gives a successful coating are 80/0 and 200/0. For 100 % cork, the sizes
which gives successful coating are 20/40 and 40/80. Results for first trials (wet and 100% cork)
are shown in the Figure 6.9 and 6.10 below.

Figure 6.9

Wet cork coating at 40 psi and 80/0 cork size
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Figure 6.10

100% cork coating at 40 psi and 20/40 cork size

For the final testing experiments, of the modified prototype, the matrix below, Table 8,
guided the process. With five different factors that may affect the results and two levels for each
factor, promising results (Figure 6.11), emerged. The only drawback was that a conclusion could
not be determined regarding the pull-off test since the nozzle outlet was too small and was giving
a narrow and concentrated coating (Figure 6.11), which does not fit the dolly of the pull-off test.
Therefore, for the remaining test, use of another nozzle, supporting a larger outlet and gives thick
and wider coating, was used for computational purposes.
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Table 6.1

The Experiment matrix with 5 factors and 2 levels
Factors

Low

High

Inline heater

No

Yes

Air compressor pressure outlet

30 psi

40 psi

Cork particle size

20/40

200/0

Steam

No

Yes

Standoff distance

15 mm

40 mm

Figure 6.11

Wet cork coating on an aluminum substrate, 40 psi using 200/0 cork size
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Figure 6.12

6.2

Pull off test

Design of Experiment
Design of the experiment was first purposed as screening which parameter was thought

would significantly affect the coating quality (pull-off strength) of the cold spray nozzle
originally manufactured. The parameters hypothesized as significantly affecting the coating
quality were temperature, pressure, cork particle size, water, and spraying standoff distance. The
only way to control the air temperature is by turning on or off the inline heater, thus inline heater
is stated as a factor in this process. Air pressure is controlled by adjusting the air compressor
outlet pressure. Cork particle size is controlled by purchasing various cork particle sizes (200/0,
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120/200, 80/0, 40/80, and 20/40 mesh size). Water can be controlled by introducing water with
steaming the cork or by just mixing the right amount of water with the cork. The standoff
distance is controlled by placing the substrate in different slots of the custom designed and 3D
printed substrate holder. After completing numerous spraying trials using the cold spray nozzle
constructed initially, the cork does not deposit consistently despite the repairs and modifications,
and the deposit is too small to provide an adequate sample size for the pull off test. As a result,
using an abrasive blasting gun with cold spray governing parameters was used, because it could
spray consistently and produced enough deposit and complete the pull-off test. Considering the
main objective for the pull off test and Hopkinson bar test is to quantify performance parameters,
using a nozzle with cold spray process attributes was deemed sufficient. During the spraying
trials varying the temperature was not found to affect anything significantly, therefore
temperature was not added as the factor in the experiment design, and was implemented among
all samples. The only method of introducing water into the cork powder that formed the
deposition on the substrate is by mixing a certain amount of water with the cork. Therefore,
introducing water into the cork was also dropped from the experiment design and included
among all samples. The standoff distance factor was eliminated as well, as the observation was
discovered that it did not have a significant effect. Based on observations made after doing many
spraying trials and independent decision to include binder in experiments, the below factors and
their levels to be experimented as shown in Table 9 were determined.
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Table 6.2

6.2.2

Chosen factors and levels
Factors

Low

High

Air Compressor Pressure Outlet

40 psi

80 psi

Cork Particle Size

80/0

200/0

Binder

0%

20%

Statistical Analysis Specifications
Experimental model is a 2k factorial design in a completely randomized design. An

aluminum plate, 2.4 x 2 inch, will serve as the experimental unit base plate with a pull-off
strength response procedure. A dual repetition will be implemented to increase consistency.
Treatment sequences will include a combination of levels of pressure, cork size, and binder
content. The following abbreviations will be implemented: α = pressure, β = binder content, 𝛾 =
cork size. The population model = 𝑌𝑖𝑗𝑘𝑙 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛾𝑘 + (𝛼𝛽)𝑖𝑗 + (𝛼𝛾)𝑖𝑘 + (𝛽𝛾)𝑗𝑘 +
(𝛼𝛽𝛾)𝑖𝑗𝑘 + 𝑒𝑖𝑗𝑘𝑙; where: 𝑖 = 1, 2, 𝑗 = 1, 2, 𝑘 = 1, 2, 𝑙 = 1, 2, and 𝑒𝑖𝑗𝑘~ 𝑁(0, 𝜎 2 ) , 𝑖. 𝑖. 𝑑.
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6.2.3

Statistical Analysis using SAS software

Table 6.3
Run

Experimental data
Pressure

Cork size

Binder

Pull-off strength (MPa)
1st rep

2nd rep

1

1

0

0

0.105

0.0233

2

0

0

0

0.1575

0.525

3

1

1

0

0.02625

0.0583

4

0

1

0

0.5775

1.134

5

1

0

1

0.1

0.042

6

0

0

1

1.05

0.2

7

1

1

1

0.2625

0.315

8

0

1

1

0.0525

0.21

Complete treatment combination summary table:
Pr = Pressure, B = Binder, C = Cork
The MEANS Procedure
Analysis Variable : Pull

81

Table 6.4

Means produced

Pr

B

C

Obs.

Sum

Mean

CSS

Variance

40 psi

0%

80/0

2

0.263

0.131

0.012

0.012

200/0

2

1.250

0.625

0.361

0.361

80/0

2

1.712

0.856

0.155

0.155

200/0

2

0.683

0.341

0.068

0.068

80/0

2

0.578

0.289

0.001

0.001

200/0

2

0.142

0.071

0.002

0.002

80/0

2

0.085

0.042

0.001

0.001

200/0

2

0.128

0.064

0.003

0.003

20%

80 psi

0%

20%

Anova Result:
The GLM Procedure
Class Level Information
Table 6.5

Class level information

Class
Pr
B
C
The GLM Procedure
Dependent Variable: Pull
Sum of
Table 6.6

Levels
2
2
2

40 psi
0%
200/0

Values
80 psi
20%
80/0

Sum of squares
Source

DF

Squares

Mean Square

F Value

Pr>F

Model

7

1.23845796

0.17692257

2.35

0.1275

Error

8

0.60293855

0.07536732

Corrected Total

15

1.84139651
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Table 6.7

Pull variable data

R-Square

Coeff Var

Root MSE

Pull Mean

0.672565

90.77565

0.274531

0.302428

Table 6.8

Mean data pull

Source

DF

Type I SS

Mean Square

F Value

Pr>F

Pr

1

0.55284801

0.55284801

7.34

0.0267

B

1

0.00878203

0.00878203

0.12

0.7416

Pr*B

1

0.12043503

0.12043503

1.60

0.2418

C

1

0.01173160

0.01173160

0.16

0.7035

Pr*C

1

0.00766719

0.00766719

0.10

0.7579

B*C

1

0.14769610

0.14769610

1.96

0.1991

Pr*B*C

1

0.38929800

0.38929800

5.17

0.0527

Hypothesis testing (F-test) to find out the significant factors, with significance level

(𝛼 =

0.05):
H0: (𝛼𝛽𝛾)𝑖𝑗𝑘 = 0 , ∀ 𝑖,𝑗, 𝑘
Fcalc = 5.17, its pvalue = 0.0527 > 0.05, so, fail to reject H0
The pressure, cork size, and binder content do not interact to significantly affect the mean pull
off stress.

H0: (𝛼𝛽)𝑖𝑗 = 0 , ∀ 𝑖,𝑗
Fcalc = 1.6, its pvalue = 0.2418 > 0.05, so, fail to reject H0
The pressure and binder content do not interact to significantly affect the mean pull off stress.
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H0: (𝛼𝛾)𝑖𝑘 = 0 , ∀ 𝑖, 𝑘
Fcalc = 0.1, its pvalue = 0.7579 > 0.05, so, fail to reject H0
The pressure and binder content do not interact to significantly affect the mean pull off stress.

H0: (𝛽𝛾)𝑗𝑘 = 0 , ∀ 𝑗, 𝑘
Fcalc = 1.96, its pvalue = 0.1991 > 0.05, so, fail to reject H0
The binder content and cork size do not interact to significantly affect the mean pull off stress.

H0: 𝛼2 − 𝛼1 = 0
Fcalc = 7.34, its pvalue < 0.0267 < 0.05, so, reject H0
The pressure significantly affects the mean pull off stress.

H0: 𝛽2 − 𝛽1 = 0
Fcalc = 0.12, its pvalue = 0.7416 > 0.05, so, fail to reject H0
The binder content does not significantly affect the mean pull off stress.

H0: 𝛾2 − 𝛾1 = 0
Fcalc = 0.16, its pvalue = 0.7035 > 0.05, so, fail to reject H0
The cork size does not significantly affect the mean pull off stress.
Subsequently, only the main effect of pressure significantly affects the mean pull off
stress. Since only two levels were identified for each factor, the F-tests indicate that the only 2
levels of pressure are significantly different, and no LSD multiple comparisons are necessary.
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Therefore, estimation of the effect of each factor from the Yates’ Algorithm Table and
interpretation of the estimates in context follow:

Table 6.9
Comb.
(0 0 0)
(1 0 0 )
(0 1 0)
(1 1 0)
(0 0 1)
(1 0 1)
(0 1 1)
(1 1 1)

Yates’ Algorithm data
Yij.
0.263
0.578
1.25
0.142
1.712
0.085
0.683
0.128

k1
0.841
1.392
1.797
0.811
0.315
-1.108
-1.627
-0.555

k2
2.233
2.608
-0.793
-2.182
0.551
-0.986
-1.423
1.072

k3
4.841
-2.975
-0.435
-0.351
0.375
-1.389
-1.537
2.495

ID
Y…
Pr
C
Pr x C
B
Pr x B
CxB
Pr x C x B

F Effect

SSF

-0.37188
-0.05438
-0.04388
0.046875
-0.17363
-0.19213
0.311875

0.553164
0.011827
0.007700
0.008789
0.120583
0.147648
0.389064

The effect of increasing the pressure is 0.372 decrease in the mean pull off stress. In
conclusion, there is no interaction between any combinations of the treatments, and for the
factors that significantly affect the mean pull off strength is only air pressure. The binder does
not significantly affect the quality of the coating, hypothesizing this is due to the binder not
melting completely. The inline heater may not supply the required temperature to melt the binder
nor may it provide heat for an adequate duration of time.
6.3

High strain rate of cork using the split Hopkinson bar technique:
Within recent years, the Split-Hopkinson Pressure bar has become an increasingly

popular and largely used tool by many investigators in order to determine the dynamic
compression properties of solid material. This tool has been widely used for determining the
mechanical response of materials deforming at high strain rates (102 – 104 s-1). Since it was first
introduced by Kolsky in 1949, this system has been named the Kolsky bar or, as explained later,
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a split-Hopkinson pressure bar (SHPB).17 This method has been subjected to a number of
modification over time. Originating when John Hopkinson tested an iron wire for rupture under
the impact of a drop weight in (1872). The original purpose of this experiment was to expose the
transmission of stress waves in the wire; however, measuring stress wave propagation in the
nineteenth century was extremely challenging. It is when his son, Bertram Hopkinson, developed
a pressure bar to measure the pressure generated by high explosives or bullets impacting at high
speeds in (1914). To electrically measure the axial and radial movements of the bar loaded by
detonation, Davis (1984), conducted a thorough examination of this method he used parallel
plate and cylindrical condenser microphones. Kolsky was the first one to extend the Hopkinson
bar method to measure stress-strain response of materials under impact loading conditions. He
developed a pressure similar to what has been described by Davis. Except that used two bars
instead of one where a specimen was sandwiched between the two; as shown in Figure 6.13.

Figure 6.13

The original Kolsky bar
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In this study, the SHPB was used to determine the behavior of cork in high strain rate.
The results obtained will be helpful in our Mechanical System Design project as the cork is
sprayed using a high speed.

6.4

Experimental Techniques
Material used: For this experiment, Cork samples were used in order to get their behavior

in high strain rate.
Cork Data: The different properties of the two types of cork used in this experiment are
summarized in table 17. As mentioned earlier, raw cork and agglomerated cork was chosen. The
samples were tested in three different states: Steamed, water-soaked and dry.

Table 6.10
Sample

Dimensions and properties of cork
Type

Water

Length

Diameter

Area

Mass

Density

(mm)

(mm)

(mm^2)

(g)

(g/ccm)

Raw1

Raw

None

12.6

26.3

543.2521

HL1

HL

None

14.1

22.2

387.0756

Raw2

Raw

Soak

13.4

26.7

559.9025

2.08

HL2

HL

Soak

14.5

23.2

422.7327

Raw3

Raw

Steam

15.2

26.7

HL3

HL

Steam

14.5

24.5

6.4.2

F (g)

1.34

0.1958

0.2772338

1.96

0.2612

1.97

0.3213900

1.94

0.3165

559.9025

1.62

0.1903527

471.4352

1.84

0.2691707

Description of the experiment
A general Kolsky compression bar consists of three major components: an incident bar, a

transmission bar and a striker bar in addition to the sample that is always placed between the
transmission and the incident bars and a laser alignment system that is used to ensure the
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appropriate adjustments of the bar system alignment. In this particular case, cork samples were
used to run this experiment.25 The striker is made of Titanium and it’s 6 inches long with a
diameter of 1.25 inch. The transmission bar is made of polycarbonate and has a diameter of 1
inch, and a length equals to 74.2 inch, it is long enough that the presence of wave was not
observed. The SHPB located in Mississippi State University’s Patterson lab has no incident bar.
Instead, high speed videography was relied upon for data collection. The setup of taking high
speed video for the compression test is detailed in Figure 6.14. Spackling the end of the striker
and the polycarbonates bars to film it, enabled viewing the movement of dots and the
corresponding velocity because having the velocities of both ends means the data mining was
successful, to do this used VIC-2D Software was used.

Figure 6.14

Split Hopkinson Pressure Bar test setup
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6.4.3

Design of the experiment
The design of Kolsky bar has many features such as having an extreme precision of the

bars’ alignment, straight and long bars for one-dimensional stress wave propagation, high
resolution data acquisition, greatly reduced friction between the bars and corresponding supports.
To start the experiment, the striker bar was fired at approximately 90 psi of pressure with an
impact velocity around 5.5m/s. The striker bar is launched by a gas gun by a sudden release of
the compressed air. A stress wave is then generated as result of the impact of the striker on the
incident bar. Strain rate for each test was around 350-400 per second. The strain gages on the bar
surfaces are used to record strains related with the stress waves in the bars through Wheatstone
Bridges, as shown in Figure 6.15. However, in this test, strain gages were omitted. The strain
gages usually give a voltage that can be equated to strain using the following equation

based on which the stress can be found using the typical equation of stress-strain
equation 𝜎 = 𝐸 x 𝜀 can be accomplished. Then, going from stress to force based on the crosssectional Area is potential.
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Figure 6.15

Wheatstone Bridge

Strain data was obtained by measuring using DIC the displacement of the end of striker
bar and the displacement of the end of transmission bar with respect to time. Recording of the
loads that were applied to the specimen from the velocity of the transmission bar, specifically
polycarbonate bar, were detailed. Once the velocity versus time of that and displacement versus
time of the other two bars was discovered, the ability to find strain and stress based on the basic
kinematic equation or the solid mechanic equation was achievable.
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Figure 6.16

Before and after firing the gun

Equation:
i.

𝜎 = k (𝜌.𝑉.𝐶/ 2)

ii.

𝑉 = 𝜀 x 𝐶𝑜

iii.

𝜎 = 𝐸 x 𝜀 (stress of cork)

iv.

𝐶𝑜 = √ [𝐸/𝜌 (elastic bar wave speed)]

v.
vi.

𝜀 = (2/𝑘) × (𝑉𝑜/𝑉𝑠) (strain in the transmission bar)
𝜀 = (𝐿0−𝐿)/𝐿0 (strain of cork)
Where: 𝜎 = Stress; E = Elastic Modulus; k = Strain gauge factor (1.2) ; and Co = bar wave
velocity.
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6.4.4

Results and discussion:
The graph below summarizes the behavior of cork under high strain rate.

Figure 6.17

Stress strain curve of 6 uniquely treated samples

Figure 6.17 shows the behavior of six samples of cork that were uniquely treated and
tested at 300/s. After analyzing the curve, results can deduce that for a given stress the dry cork
has lower strain for both raw and HL types. On the other hand, the steamed cork and submerged
cork both show similar behavior. Conclusion can be made that water affects the behavior of cork,
thing that was also noticeable during cold spraying.
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CHAPTER VII
CONCLUSION
7.1

Conclusion
Based on the CFD simulations, the nozzle design that successfully cold sprayed polymers

was also valid for cold spraying cork. The impact speed of the particles can be affected by
different factors such as stagnation temperature, stand-off distance and particle size. Even though
most supersonic nozzles are designed so that no shock wave occurs inside, the simulations
proved the importance of having a shock wave to decelerate the particles and to increase the
temperature. The most important included parameters for a successful cold spray of cork were
heat and moisture that acted as a binder. The heat causes cork to release its own adhesive
materials, and the addition of moisture increases the efficiency of adhesion.
However, the experimental results did not match the simulations. It was observed that the
experimental impact speed was less than half of the numerical one. This drop in velocity is
caused mainly by heat losses but also due to wear and tear and repairs needed for the nozzle and
initial cold spray system setup. This is shown in the simulation, the higher the temperature of the
gas, the higher the speed achieved at impact.
Post prototype repairs, promising results were achieved with successfully cold spraying
the cork on aluminum surfaces. Numerous trials were conducted and through the design of
experiment results concluded that the pressure is the only parameter that significantly affects the
cork deposit quality (pull off test) significantly, when deeming heat and moisture content as
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inflexible necessities. Using 40 psi air pressure gives better result than using 80 psi air pressure,
which could be due to ongoing suction issues, despite numerous repairs. Completing high-strain
rate testing was valuable in finding that by adding water the behavior of the cork changes and the
cork became more deformable, supporting the notion that adding moisture to the cold spray
material mixture is a necessity. For future work, a new iteration of the nozzle is recommended to
allow for a wider internal flow pathway and conclusive pressure testing. In addition substituting
a resin binder in lieu of power and applying a post heat treatment would be a promising new area
to explore to achieve results under parallel motivations.
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